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A B S T R A C T
Forensic mitochondrial DNA (mtDNA) testing requires appropriate, high quality reference population
data for estimating the rarity of questioned haplotypes and, in turn, the strength of the mtDNA evidence.
Available reference databases (SWGDAM, EMPOP) currently include information from the mtDNA
control region; however, novel methods that quickly and easily recover mtDNA coding region data are
becoming increasingly available. Though these assays promise to both facilitate the acquisition of
mitochondrial genome (mtGenome) data and maximize the general utility of mtDNA testing in forensics,
the appropriate reference data and database tools required for their routine application in forensic
casework are lacking. To address this deﬁciency, we have undertaken an effort to: (1) increase the large-
scale availability of high-quality entire mtGenome reference population data, and (2) improve the
information technology infrastructure required to access/search mtGenome data and employ them in
forensic casework.
Here, we describe the application of a data generation and analysis workﬂow to the development of
more than 400 complete, forensic-quality mtGenomes from low DNA quantity blood serum specimens
as part of a U.S. National Institute of Justice funded reference population databasing initiative. We
discuss the minor modiﬁcations made to a published mtGenome Sanger sequencing protocol to maintain
a high rate of throughput while minimizing manual reprocessing with these low template samples. The
successful use of this semi-automated strategy on forensic-like samples provides practical insight into
the feasibility of producing complete mtGenome data in a routine casework environment, and
demonstrates that large (>2 kb) mtDNA fragments can regularly be recovered from high quality but very
low DNA quantity specimens. Further, the detailed empirical data we provide on the ampliﬁcation
success rates across a range of DNA input quantities will be useful moving forward as PCR-based
strategies for mtDNA enrichment are considered for targeted next-generation sequencing workﬂows.
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Since 2003 the Armed Forces DNA Identiﬁcation Laboratory
(AFDIL) has been systematically generating mitochondrial DNA
(mtDNA) data to augment existing reference population data [1].
While this effort has contributed signiﬁcantly to the more than
24,000 forensic mtDNA sequences currently available in the EDNAP
mitochondrial DNA population database (EMPOP, http://empo-
p.org/) [2] for use by practitioners, these data and indeed all publicly
available forensic mtDNA reference data only include information CC BY-NC-ND license.
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next-generation sequencing are capable of producing mtDNA coding
region data from extremely low DNA quality and quantity forensic
specimens [3]. At present, however, no suitable database of
complete mitochondrial genomes (mtGenomes) is available for
forensic queries. Most of the more than 15,000 entire mtGenome
haplotypes available in GenBank have not been developed for
forensic purposes or to forensic standards. Some contain errors,
associated metadata is often incomplete and/or absent, raw
electropherograms are unavailable for review and, in almost all
cases, the datasets do not represent randomly sampled populations.
Thus, before new methods and applications targeting entire
mtGenome data can be implemented in routine forensic practice,
high quality reference sequences that adhere to forensic standards
are required [4].
The speciﬁc goals and objectives of our current National
Institute of Justice (NIJ) funded databasing initiative are the
production of 550 complete, high-quality mtGenomes spanning
three U.S. population groups, and database structure and query
modiﬁcations to EMPOP to accommodate entire mtGenome data.
Here, we report on aspects of the data generation portion of this
project, and the development of 433 forensic-quality mtGenome
haplotypes from low template specimens. We describe the
application of an automated mtGenome sequencing protocol [5]
and multi-step data analysis workﬂow to samples with a very low
quantity of DNA, and the steps taken to maintain high-throughput
data production with minimal manual sample reprocessing. We
assess the practical success of (a) the mtGenome protocol with
those minor modiﬁcations, and (b) the overall data production
strategy, on these forensic-like samples through evaluation of key
processing metrics and results from critical data quality control
checks.
2. Materials and methods
The samples used for this databasing effort were anonymized
blood serum specimens from the Department of Defense Serum
Repository [6]. Since the DNA-containing blood components
have been removed by centrifugation, only a small amount of
cell-free DNA typically remains in blood serum. To assure the
generation of forensic-quality mtGenome proﬁles from these
high quality but low template specimens, and to avoid the types
of errors found in some entire mtGenome data sets [7,8], we
utilized a mtGenome sequencing strategy and laboratory
processing workﬂow in which nearly all pipetting steps were
performed robotically [5], and we employed a rigorous data
review process. Automated pipetting was performed on a
MICROLAB1 STARlet for pre-PCR work, and either a Tecan
Genesis1 2000 workstation (Tecan Group Ltd., San Jose, CA) or
MICROLAB1 STARplus instrument (Hamilton Robotics, Reno,
NV) for post-PCR reaction set-up, using custom methods
developed in-house for this project. An overview of our entire
data production and review workﬂow is shown in Fig. S1.
Blood serum specimens were robotically transferred from tubes
to 96-well plates, and DNA was extracted by a combination of
robotic pipetting and manual centrifugation using the QIAamp 96
DNA Blood Kit (QIAGEN, Valencia, CA). Some extracts were
quantiﬁed following extraction using an mtDNA qPCR assay [9]
adapted from Niedersta¨tter et al. [10], which provides relative
quantitation values based upon comparison to a standard curve of
mtDNA present in a known genomic DNA concentration. Thus,
quantities reported in this paper reﬂect total genomic DNA
quantities, not mtDNA quantities speciﬁcally.
Ampliﬁcation of the complete mtGenome was performed
according to the protocol described in Lyons et al. [5], with minor
modiﬁcations to improve ﬁrst-pass ampliﬁcation success withextremely low DNA quantity samples. Extract input quantities for
PCR were generally doubled (from 3 to 6 mL per 50 mL reaction)
when qPCR results indicated concentrations below 3 pg/mL. In
some instances, such as when sample extracts exhibited evidence
of inhibition or to improve ampliﬁcation success for one or two
target fragments (amplicons 4 and 6) when extract DNA
concentrations were unknown, Taq polymerase concentrations
in the PCR reactions were doubled (from 2.5 to 5 units).
Ampliﬁcation success was assessed by automated capillary
electrophoresis on a QIAxcel instrument (QIAGEN), successfully
ampliﬁed products were enzymatically puriﬁed, and each mtGe-
nome was subsequently Sanger sequenced in 135 reactions using
the protocol described in Lyons et al. [5]. Sequencing products
were puriﬁed by gel ﬁltration, dehydrated, and resuspended in
formamide. Sequence detection was performed on an Applied
Biosystems 3730 DNA Analyzer (Life Technologies, Applied
Biosystems, Foster City, CA) using a 50 cm capillary array. All
post-quantiﬁcation pipetting steps were performed robotically
with the exception of enzymatic puriﬁcation, where automated
pipetting of highly viscous reagents would have resulted in the
waste of a large volume of enzyme. Sample placement during any
necessary manual reprocessing was always performed with at
least one, and sometimes two, witnesses.
The data review process we employed followed a strategy
previously and successfully used for the production of high-quality
mtDNA CR sequences, which included raw data review by no fewer
than three distinct scientists at two laboratories (AFDIL and
EMPOP), and electronic data transfer with two additional proﬁle
reviews [1]. Haplotypes were aligned and reported relative to the
revised Cambridge reference sequence (rCRS; [11]) following the
phylogenetic alignment rules detailed by Bandelt and Parson [12].
To further assure data reliability, completed mtGenome haplo-
types were compared to PhyloTree [13] to conﬁrm phylogenetic
consistency across the eight amplicons. In addition, all private
mutations, heteroplasmies and transversions were re-reviewed in
the raw data. Lastly, ﬁnal proﬁle haplogroups were assigned using
an automated, maximum likelihood-based tool, EMMA [14].
3. Results and discussion
3.1. Data generation
For a set of 242 blood serum extracts quantiﬁed prior to
ampliﬁcation, DNA quantities ranged from 0.00 to 777.64 pg/mL
with an average of 14.91 pg/mL (s.d. 53.79). Thirty-three of these
samples, or 13.6%, exhibited at least one ampliﬁcation failure
during the ﬁrst-pass automated processing (Fig. 1). The vast
majority (86.6%) of the ampliﬁcation failures, and all but one
instance in which multiple regions for the same sample failed to
amplify, occurred when DNA input quantities were less than 10 pg.
The average DNA quantity for samples with multiple ampliﬁcation
failures was 1.00 pg/mL (s.d. 0.80). At DNA input quantities equal to
or greater than 10 pg, 99.4% of ampliﬁcations were successful. In
terms of sample handling, to maintain a high rate of throughput
and minimize manual reprocessing, extracts for which only a
single region failed to amplify were re-ampliﬁed manually prior to
sequencing, whereas samples for which more than one fragment
failed to amplify were typically dropped and not processed further.
Fig. 2 shows the number of samples dropped by DNA input
quantity.
Manual reprocessing was also performed when the ﬁrst pass
robotic processing did not produce complete sequence coverage
(deﬁned as at least two strands of sequence data) across the entire
mtGenome. In most instances the reprocessing involved manual
sequencing from the original PCR products to ﬁll in small gaps in
the sequence coverage. However, when multiple new sequences
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Fig. 1. Ampliﬁcation success with blood serum specimen extracts. Quantiﬁed using a modiﬁed mtDNA qPCR assay, 242 blood serum extract DNA concentrations ranged from
0.00 to 777.64 pg/mL. First pass ampliﬁcation success rates (the percentage of eight amplicons which successfully ampliﬁed) for PCR inputs ranging from 0 to 319 pg are
shown. Two samples, representing PCR inputs of 815 and 2333 pg respectively, and for which all eight amplicons were successfully ampliﬁed, are not in included in the plot.
No ampliﬁcation failures were observed with PCR inputs greater than 50 pg. In only one instance was more than one ampliﬁcation failure observed when PCR inputs were
greater than 10 pg.
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sometimes re-ampliﬁed to produce a better quality PCR product.
For a large majority (70.9%) of a set of 433 low DNA quantity
samples, the ﬁrst pass of automated data generation produced
complete sequence coverage across the entire mtGenome and no
manual reprocessing was necessary. For 13.2% and 6.2% of the
samples, respectively, minimal (deﬁned as one or two additional
sequencing reactions) or moderate (three to nine additional
sequencing reactions) reprocessing was required to achieve the
desired sequence coverage (Fig. 3). For 9.7% of samples more
extensive reprocessing (ten or more manual sequencing reactions)
was performed, and usually included complete re-ampliﬁcation of
one or more regions of the genome. An example of the typical
sequence data quality produced for this project is shown in Fig. S2.
Initial results utilizing an earlier version of the Lyons et al.
ampliﬁcation strategy made clear that some of the exceptionally
low template blood serum specimens required extensive repro-
cessing for amplicons 2 and 6 in particular. For instance, among the
forty samples with PCR inputs less than 10 pg processed using the0%
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Fig. 2. Ampliﬁcation failures and dropped samples by DNA input quantity. Samples f
reampliﬁed, whereas samples for which more than one region failed to amplify were typ
were quantiﬁed prior to ampliﬁcation, 25.63% of ampliﬁcations failed and 42.11% of sa
between 5 and 10 pg, 5.90% of ampliﬁcations failed and 8.33% of samples were droppeinitial amplicon 2 PCR primers, twelve samples (30.0%) required
reampliﬁcation and resequencing of that amplicon; and among the
twenty-nine samples with PCR inputs less than 10 pg processed
using the initial amplicon 6 PCR primers, eleven samples (37.9%)
required reampliﬁcation and resequencing of the fragment. To
increase the ﬁrst pass success rates for these two amplicons, the
PCR primer sets were redesigned partway through this databasing
project. To assess success rates using the published strategy [5], all
blood serum samples ampliﬁed prior to the PCR primer redesign
were reconsidered without the amplicon 2 or 6 reprocessing
requirements. This reduced the number of samples which required
moderate or extensive manual sequencing from 15.9% to 10.2%,
with only twenty of 433 samples (5.5%) requiring extensive
reprocessing (Fig. 3).
The extent of manual sequencing required was also examined
in comparison to PCR input DNA quantity for a set of 230 extracts
(the 242 quantiﬁed extracts referenced above, minus the twelve
samples which were not processed beyond ampliﬁcation due to
multiple ampliﬁcation failures; Fig. 4). All nine samples which45-5040-4535-4030-3525-305
NA Quanty (pg)
Failed Ampliﬁcaons
Dropped Samples
or which only a single mtGenome target region failed to amplify were manually
ically dropped and not processed further. Among 242 blood serum specimens that
mples were dropped when PCR inputs were in the range of 0–5 pg. At PCR inputs
d.
Fig. 3. Extent of manual reprocessing. Manual reprocessing was performed when the ﬁrst pass robotic processing did not result in complete sequence coverage across the
entire mtGenome. Here, we have categorized the amount of reprocessing required as none, minimal (deﬁned as one or two additional sequencing reactions), moderate (3–9
additional sequences), or extensive (ten or more additional sequences). Panel A demonstrates the reprocessing required when all 433 samples were considered. The
reprocessing displayed in Panel B ignores the reprocessing performed for amplicons 2 and 6 prior to their redesign, and thus reﬂects the published ampliﬁcation primer sets
[5].
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which required moderate manual sequencing had PCR input DNA
quantities less than 50 pg. For the nine samples with DNA inputs
less than 50 pg which required extensive reprocessing, most of the
initial sequence data quality issues were caused by a failure of the
post-ampliﬁcation enzymatic puriﬁcation which necessitated
reampliﬁcation and complete manual resequencing of the
fragment. Among the forty-three samples with input DNA
quantities greater than 50 pg, only one required more than two
manual reactions to achieve complete mtGenome sequence
coverage. For these samples, the average number of additional
sequences required was 0.33, which equates to approximately one
manual reaction for every three haplotypes.
In addition to the more qualitative assessments of sequencing
success described above, we also performed a quantitative
evaluation of sequencing failure rates in comparison to input
DNA quantity. For a qPCR-quantiﬁed set of 185 samples with no
ampliﬁcation failures, Sequence Scanner v 1.0 (Life Technologies,
Applied Biosystems) was used to capture the electrophoretic signal
intensities for 21,601 sequencing products detected on the 3730
DNA Analyzer (Life Technologies, Applied Biosystems). For these
data, we deﬁned a failed sequence as one with at least two of the
four signal intensities below 100 relative ﬂorescence units (RFUs).
To reﬂect the published protocol [5], sequences generated from
PCR products developed using the initial amplicon 2 and 6 primer
sets (discussed above) were excluded from the analysis.
A scatter plot of the percentage of failed sequences at each PCR
input DNA quantity is displayed in Fig. 5. For samples for which
PCR DNA inputs were less than 50 pg, the average sequence failure0
5
10
15
20
25
30
35
40
0 50 100 150
PCR Input D
# 
of
 M
an
ua
l S
eq
ue
nc
in
g 
Re
ac
o
ns
Fig. 4. Manual sequencing by PCR input DNA quantity. Generally speaking, when inpu
required to achieve complete mtGenome haplotypes with the desired sequence coverag
PCR input greater than 50 pg needed more than two additional sequences. Of the sample
post-ampliﬁcation enzymatic puriﬁcation failure for one target region, which necessitarate was 2.51% (s.d. of 0.05), which equates to approximately three
failed sequences per sample. Among samples for which PCR DNA
inputs were greater than 50 pg, the average sequence failure rate
was 0.82% (s.d. of 0.02); and only one of these thirty-nine samples
had a sequence failure rate greater than 5.0%. The picture provided
by these data is highly similar to that developed from the
reprocessing data (Fig. 4). These two complementary analyses
demonstrate that, using the published protocol [5] with the minor
ampliﬁcation modiﬁcations and sample handling strategy de-
scribed here, sequencing was largely successful but variable when
PCR input DNA quantities were less than 50 pg, and nearly always
successful when DNA input quantities exceeded 50 pg.
Sequencing success/failure was also investigated in relation to
QIAxcel-measured ampliﬁcation product concentration. For the
2677 sequencing reactions performed from PCR product concen-
trations below 2.00 ng/mL/1000 bp, a clear relationship between
sequencing failure and product concentration only emerged when
the data were broadly categorized (Fig. 6). Both the percentage of
failed sequences (deﬁned by electrophoretic signal intensities, as
described above) and the resequencing rate (calculated by
comparing the number of manual sequences required to the
number of sequences produced in the initial automated proces-
sing) were higher when PCR product concentrations were below
1.00 ng/ml/1000 bp as compared to product concentrations in the
1.01–2.00 ng/ml/1000 bp range. When product concentrations
were greater than 1.00 ng/ml/1000 bp, the resequencing rate
was only 0.37%. However, the more obvious trend observed across
all of these lower ampliﬁcation product concentrations was that
sequencing failure was highly amplicon-speciﬁc. More than 90% of200 250 300 350
NA Quanty (pg)
t PCR DNA input quantities exceeded 50 pg very little manual resequencing was
e. For a set of 230 samples quantiﬁed prior to ampliﬁcation, only one sample with a
s from this set which required more than 15 additional sequences, most were due to
ted reampliﬁcation and complete resequencing of the fragment.
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Fig. 5. Sequence failures by PCR input DNA quantity. When 21,601 sequencing reactions were examined, sequencing success was more variable and sequencing failure more
common at PCR DNA inputs below 50 pg. Overall, the sequencing failure rate for PCR inputs below 50 pg was 2.51%. When PCR inputs exceeded 50 pg, the sequencing failure
rate was 0.82%, and only one of thirty-nine samples had a sequencing failure rate greater than 5.0%.
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two target regions: amplicon 4, with 68.0% of the sequencing
failures, and amplicon 6, with 25.1% of the sequencing failures.
To summarize the performance of the automated protocol with
the modiﬁcations described here across all 433 low DNA quantity
samples, we calculated an overall resequencing rate: the number
of manual sequences required in comparison to the 135 sequences
generated per sample as part of the initial automated processing.
When all manual sequence reprocessing was considered the
resequencing rate was 2.84%. However, when data from amplicons
2 and 6 prior to their redesign was excluded to reﬂect the
published protocol design [5], the resequencing rate was 1.20%.
This latter value reﬂects an average of 1.59 manual sequencing
reactions required per sample to develop a complete, forensic-
quality mtGenome haplotype from a successfully ampliﬁed, low
template extract.
3.2. Data review
The use of a multi-amplicon protocol for mtDNA data generation
and manual reprocessing carries some risk of sample swaps and
other human errors. Further, ampliﬁcation of a contaminant orFig. 6. Sequencing failures and resequencing by PCR product concentration.
When QIAxcel-measured PCR product concentrations were 1.00 ng/ml/1000bp or
less, 13.38% of sequencing reactions failed and the manual reprocessing rate was
3.88%. By contrast, though 5.25% of the 1904 sequences generated from PCR
product concentrations in the 1.01–2.00 ng/ml/1000bp range failed, only seven
manual sequencing reactions were necessary – which equates to a reprocessing
rate of just 0.37%.co-ampliﬁcation of a NUMT may be possible with the low DNA
quantity serum specimens used in this project. For these reasons,
meticulous, redundant review of the raw electropherogram data
(following the strategy described in [1]) and post-review data
quality control checks were critical aspects of our workﬂow.
Subsequent to the AFDIL raw data reviews, phylogenetic checks
of the complete mtGenome proﬁles were performed as a quality
control measure. A preliminary haplogroup was assigned to each
haplotype on the basis of haplogroup-deﬁning polymorphisms,
and the sample haplotype was subsequently compared to a list of
expected mutations for the haplogroup using PhyloTree [13]. All
missing mutations (those expected based on the haplogroup but
not observed in the sample haplotype) and private mutations
(differences from the reference sequence that are not a part of the
PhyloTree haplogroup deﬁnition) were investigated by reviewing
the raw sequence data and the sample processing record, and any
suspicious amplicon-based patterns were further compared to the
complete mtDNA phylogeny. Among the 433 completed mtGe-
nome haplotypes which have undergone phylogenetic evaluation,
representing more than 3500 ampliﬁcations and nearly 60,000
sequencing reactions, zero instances of sample swaps or other data
generation errors were identiﬁed.
Following EMPOP examination of the raw data for each sample,
a comparison of the AFDIL and EMPOP-generated mtGenome
haplotypes (both developed by comparison to the rCRS [11]) was
performed electronically. In instances of non-concordance the raw
data was re-reviewed at both laboratories, and corrections based
on mutual agreement were made to the haplotypes as necessary.
From the 263 samples compared thus far (more than 4.3 million
base pairs of sequence data), a discrepancy between the AFDIL and
EMPOP haplotypes was identiﬁed in just eight samples. In four
instances a point heteroplasmy was missed in the AFDIL data
analysis; two cases represented indel alignment disparities
between the AFDIL and EMPOP data reviews; and the remaining
two discrepancies were due to manual electropherogram editing
differences. In one instance resequencing from the original PCR
product was performed to conﬁrm a point heteroplasmy. In all
cases the mtGenome haplotypes were corrected to result in 100%
ﬁnal concordance.
4. Conclusions
The minor modiﬁcations to the Lyons et al. [5] Sanger
sequencing protocol combined with the sample handling strategy
described and applied here reliably produced high quality data
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automated data generation, and most samples did not require any
manual reprocessing to generate complete mtGenome haplotypes.
Ampliﬁcation was successful 99.4% of the time when DNA inputs
were greater than 10 pg, and no PCR failures were observed at
inputs greater than 50 pg. Sequencing success – assessed both in
terms of sequencing failure (determined by electrophoretic signal)
and the amount of reprocessing required to generate a complete
haplotype – was variable but generally still high when PCR DNA
input quantities were less than 50 pg. At PCR inputs exceeding
50 pg, an average of just 0.82% of sequencing reactions failed and
only one manual sequencing reaction was required for every three
haplotypes. At QIAxcel-measured PCR product concentrations less
than 2 ng/ml/1000 bp, more than 90% of the sequencing failures
were observed in just two target regions (amplicons 4 and 6). In
regards to data review, the efﬁcacy of automated processing
combined with a rigorous review strategy in preventing errors
with this multi-amplicon protocol was evident from the absence of
problems detected at the stage of phylogenetic data evaluation.
Further, few discordant proﬁles were identiﬁed upon cross-
validation of the AFDIL and EMPOP reviews.
The ampliﬁcation and sequencing success rates reported here
demonstrate that it is feasible to generate forensic-quality
complete mtGenome haplotypes in a routine casework environ-
ment from forensic-like (low template) specimens. The develop-
ment of this large, thoroughly evaluated data set from blood
serum samples provides clear evidence that amplicons exceeding
2000 base pairs can regularly be recovered from very low DNA
quantity specimens; and the data also provide detailed informa-
tion on both PCR and Sanger sequencing success rates across a
range of qPCR-measured mtDNA quantities. The processing
metrics detailed here may thus be useful to forensic practitioners
when attempting to determine the speciﬁc mtDNA amplicons,
assays or markers to pursue when DNA quantities are known and
case sample extract volumes are limited. Additionally, the data
provide an indication of the ﬁrst-pass ampliﬁcation success rates
that could be expected with low DNA quantity specimens in a
high-throughput environment if the PCR strategy were applied as
an enrichment method for targeted next-generation sequencing
of mtDNA.
In total, our NIJ-funded databasing effort has thus far produced
263 and 170 entire mtGenome haplotypes for the U.S. Caucasian
and African-American population groups, respectively. The gen-
omes will be published, and made publicly available in GenBank
and searchable in EMPOP, upon completion of the project.
Immediately, though, these high-quality data, produced via
well-established and validated Sanger sequencing technology,
will be used as an etalon dataset for a posteriori quality control of
all mtGenome data evaluated by EMPOP prior to their acceptance
for publication in Forensic Science International: Genetics and the
International Journal of Legal Medicine [15,16]. Ultimately, the NIJ-
funded project will not only yield high quality mtGenome data
against which new sequences developed with both current and
next-generation sequencing technologies can be measured, but it
will also provide reliable, complete mtGenome reference data and
associated software tools necessary for implementation of
mtGenome testing in routine mtDNA casework.
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